Background: Cervical dystonia is a hyperkinetic movement disorder of unknown cause. Symptoms of cervical dystonia have been induced in animals in which the
the basal ganglia. However, more recent research points to a network model, with additional brain areas being implicated including the cerebral cortex, cerebellum, thalamus, and brainstem. [14] [15] [16] [17] [18] [19] [20] Whatever the model, consensus exists that impaired gamma-aminobutyric acid (GABA)-mediated inhibition is a key feature of dystonia. 14, 15, 21, 22 The superior colliculus (SC) is a multilayered structure in the midbrain. Each layer contains a retinotopic map of the surrounding environment 23 such that activation of neurons at a specific location in the map evokes a response directed toward the corresponding location in space. The SC is involved in the control of visually triggered saccadic eye movements and orienting behaviors, [23] [24] [25] [26] [27] including eye, head, neck, and arm movement. 28, 29 It is also considered to be a critical node in the pathogenesis of cervical dystonia. 30 Superior collicular activity is modulated by GABA from both intrinsic and extrinsic sources (with up to 45% of SC neurons being GABAergic in the cat 31 ). The substantia nigra pars reticulata (SNpr), of the basal ganglia, tonically inhibits the deep layers of the SC via the nigro-tectal pathway. 32 , 33 An animal model of cervical dystonia is produced when this GABAergic projection is disrupted in non-human primates 34, 35 and cats. 36 Chemical disruption of this tonic inhibitory projection, releasing the deep layers of the SC from inhibition, has also been shown to stimulate saccadic behavior in non-human primates. 32, 33 Saccadic eye movements involving the nigro-tectal pathway may potentially manifest differently in individuals with cervical dystonia relative to healthy controls.
Saccades and the superior colliculus
The superficial layer of the SC receives visual input from the retina and primary visual cortex. 37 The intermediate and deep layers receive somatosensory and auditory information and project directly to the brain stem reticular formation and the spinal cord to drive saccades and reflexive responses. 28, 38 While many brain regions are involved in the control of saccadic eye movements and visual fixation, 39 the SC appears to exert critical control over a subclass of visually triggered saccades, express saccades. [40] [41] [42] The saccadic reaction time (SRT) is the time taken to initiate a saccade, i.e. time from presentation of the target/''go'' stimulus to onset of saccadic movement. Express saccades are typically identified as saccades with an SRT within a predefined range. Sample ranges from studies in non-human primates include 80-100 ms, 43 50-105 ms, 44 60-110 ms, 45 and 70-120 ms, 46 whereas ranges quoted in human studies include 70-110 ms, 47 75-110 ms, 48 80-130 ms, 49 85-135 ms, 50 and 90-140 ms. 39 Some subjects (both human and non-human primates) display no, or very few, express saccades, 39, 40 while others have been classified as ''express saccade makers''. [49] [50] [51] There are inherent limitations to defining express saccades on the basis of an absolute SRT value, particularly in the context of the variability across studies in the methods of recording eye movements (scleral search coils, video-oculography, electro-oculography) and in the computation of saccade onset. 46,48, 52 Marino et al. 53 proposed an expanded definition of express saccades, which avoids predefined SRT limits. In light of their work, and the limitations of taking a predefined range regardless of method of eye movement recording or definition of saccade onset, we propose a means of analyzing saccadic behavior based on subject-specific thresholds derived from their ''baseline'', pro-saccade performance. This approach enables a subject-specific assessment of saccades, allowing for individual variation in the time of the visual response of the superficial neurons (t s ). The likelihood of inducing express saccades increases under certain experimental settings including study protocol, 56 increased training, 48 and stimulus properties (luminance, 53 predictability 44, 57 ). In the gap paradigm protocol first described by Saslow, 56 a temporal gap (typically 200 ms) is introduced between the disappearance of the fixation point and target appearance. This gap gives rise to higher frequencies of express saccades (either as a result of release from the inhibitory effects of the SC fixation neurons 58 or as the more recent ''equilibrium hypothesis'' suggests, the lack of foveal fixation results in faster equilibrium between the right and left SC, allowing more rapid saccade generation 23 ).
Individuals with cervical dystonia have normal eye movements on clinical assessment. There are few studies in cervical dystonia in which saccadic eye movements are specifically recorded. In one study, Stell and colleagues reported that individuals with cervical dystonia were able to make random, predictive, remembered, and self-paced saccades equally well as control subjects. 60 They concluded that it was unlikely that the striato(caudato)-nigro-collicular pathway is involved in the pathomechanism of cervical dystonia. However, they did not employ the gap or anti-saccade paradigms, which arguably enable a more pure assessment of nigro-tectal pathway.
Hypothesis
If reduced nigro-tectal inhibition of the intermediate and deep layers of SC is involved in the pathogenesis of cervical dystonia, then we hypothesize that individuals with cervical dystonia will demonstrate an increased proportion of both express saccades (in the pro and gap task) and reflexive saccades (directional errors) during the anti-saccade task; representing an impaired ability to suppress saccades towards the target.
Study aim
The present study aimed to assess saccadic behavior, particularly express saccades, in individuals with cervical dystonia compared with age-and sex-matched controls, as a means of potentially shedding light on alterations in GABAergic activity of the nigro-tectal pathway.
Methods

Participants
A total of 19 people participated in this study: 8 with cervical dystonia (three men, aged 54 ¡ 5 years, and five women aged 61 ¡ 1.6 years), and 11 healthy controls (four men, aged 49 ¡ 5.9 years, and seven women 56 ¡ 7.7 years). Participants with cervical dystonia were recruited through the movement disorders clinic at St. Vincent's University Hospital (Table 1) . A ninth individual with cervical dystonia also participated, but his data, which displayed abnormal saccadic behavior, were not included in this study as he had taken 2 mg of diazepam in the hours prior to participation. Controls were recruited through notices in Trinity College Dublin and personal contacts of the authors. Aside from cervical dystonia, none of the participants had any other known neurological disorder or visual impairment (other than that correctable by lenses). None of the participants were taking medication that might affect eye movements for at least 48 hours prior to the study. The average time since the last botulinum toxin injection was 83 days, with the exception of CD1, who participated 4 days after her treatment. All participants gave signed informed consent. The study was approved by the Ethics Committee of St. Vincent's University Hospital, Dublin. The experiments were performed at the Trinity College Institute of Neuroscience, Dublin.
Protocol
Three saccade tasks were undertaken in separate blocks. Subjects performed pro-saccades (looking towards the target, #trials 5 120), anti-saccades (looking in the opposite direction to the target, #trials 5 60 6 2), and gap tasks (looking towards the target, following a temporal gap of 200 ms between fixation offset and target onset, #trials 5 120), in that order. Please note that the gap task is essentially a prosaccade task with a temporal gap; however, for ease of distinguishing between tasks, the tasks will be referred to as pro-saccade, anti-saccade, and gap throughout this paper. Given the additional concentration required to perform the anti-saccade paradigm, this task was split into two blocks of 60 trials. All paradigms were run in a single session. A block of 120 trials lasted just under 8 minutes. However, with set-up, instruction, and practice runs, a single session lasted approximately 1 hour. Subjects were invited to rest in between blocks of trials. Juice and a small snack were made available to ward off fatigue and maximize concentration.
Stimuli were displayed on ViewSonic G90fB Graphics Series 190 CRT Monitor with a display area of 180 (refresh rate 75 Hz, resolution 1,024 6 768). Luminance was measured directly in front of the monitor using a Vernier Light Sensor; target stimuli and fixation cross, 237.395 lux; gray background, 4.26 lux; and black background, 0.13 lux. The computer screen was positioned 65 cm in front of the subject in a windowless dark room. Participants were asked to seat themselves such that the computer monitor was directly in front of their central gaze and to maintain the same seated position and head position throughout each block of trials. In order to prevent head movement and provide consistency, subjects rested their chin on a chin rest fixed to the edge of the desk, throughout all tasks. The visual paradigm was custom developed using Presentation software (NeuroBehavioral Systems). The display monitor was turned on at least 30 minutes prior to commencing recordings, to allow it to warm up and for its brightness to settle.
The protocol for each trial ran as follows: the screen was black for 250 ms; a white fixation cross (dimensions 0.5˚6 0.5˚, degrees of visual angle) was displayed for 1,000-3,500 ms (mean duration 1,500 ms); in the case of the gap paradigm only, the screen was black again for 200 ms; the target stimulus (a white square 0.5˚6 0.5˚) was displayed for 1,000 ms, 10˚to the left or right of center; then the screen went gray with the word ''BLINK'' displayed for 1,000 ms. To aid concentration, three brief rest periods (6 seconds each) were spaced evenly in each task, during which time the screen turned purple and displayed a countdown from three to one. Variability of the fixation period was introduced to reduce pre-emptive movements. The gray ''BLINK'' screen, presented following each saccade, served two purposes: the lighter hue was a break from the black background to prevent dark adaptation, and the command to blink encouraged participants to blink at the end of each trial so as to minimize blink artifact contaminating the saccade zone. Targets were located ¡10T from center, ensuring full visibility from eye movement alone, 59 while the head remained stationary on the chin rest. Eye movements were measured using electro-oculography (EOG) via ActiveTwo (BioSemi); 1,024 Hz sampling rate and 115 dB dynamic range. Seven Ag-AgCl electrodes were used and attached to the left and right mastoid bones (BioSemi references, DRL/CMS), left and right outer canthi (for horizontal EOG), above and below the right eye (for blink detection) and left of center on the forehead (reference electrode). Before placement, the electrodes and skin were cleaned with alcohol wipes, and a small amount of conduction gel was placed on each electrode. Electrodes were attached, using self-adhesive sticker and medical tape, at least 10 minutes prior to commencing recording to allow impedances to settle. To ensure consistency during the experiment a script and a set of instructions were prepared and used for all participants. Prior to starting each task, subjects performed a practice run of 10 trials and were asked to repeat back the instructions they had been given for that task.
Data processing and analysis
Custom algorithms, written in MATLAB (MathWorks, Version 2016b), were developed to process the EOG data. The raw EOG data, referenced to the electrode on the upper forehead, were de-trended, and zero-phase bandpass filtered. Two bandwidths were employed giving rise to two versions of processed EOG data: the smoothed (BPF 0.2-6 Hz) and the higher resolution (BPF 0.2-125 Hz) data. Unless otherwise stated the processing steps below used the smoothed EOG data. Trigger codes were outputted from PresentationH to the Biosemi system indicating the onset of fixation cross, left/right target, ''blink'' command, etc. These triggers were used to epoch the data into individual trials. The following steps were taken for each trial: 1) blink detection: both vertical and horizontal EOG data were used. Blink detection is based on finding local minima of the differentiated EOG from the electrodes on the left and right side and below the eye, and a corresponding maximum in the EOG signal from above the right eye. Blink onset is defined as the local turning point in the EOG, preceding the above minima/maximum (Figure 1 ). If a blink occurred within 500 ms of the appearance of the target, i.e. in the expected saccade zone, blink interference was registered and no further analysis was carried out on that trial. 2) Saccade epoch: an epoch from target onset to the end of trial was analyzed for saccade onset detection. Note, if a blink onset was detected before the end of the trial, the trial end was reset to be the blink onset. 3) Initial saccade onset detection: pairs of peaks from left and right differentiated EOG (each normalized to its own absolute maximum) were identified. One peak from each pair was required to be at least 0.4, i.e. 40% of normalized and differentiated EOG signal. The first pair of peaks satisfying these conditions was selected and the algorithm stepped backwards until the point of intersection of the left and right differentiated EOG data ( Figure 1B) . This was defined as the initial saccade onset. 4) Saccade onset: a subsection (from the initial saccade onset to the subsequent positive turning point) of the higher resolution EOG data (0.2-125 Hz) was employed to fine-tune saccade onset (local minimum before peak) (inset Figure 1) . 5) Parameters: the SRT was defined as the time interval from target onset to saccade onset. The saccadic direction was recorded, enabling analysis of right and left movements. If the saccade was in the opposite direction to the target for the pro-saccade or gap tasks, or towards the target for the anti-tasks, the saccade was marked as having a directional error. The EOG amplitude at the point of reaching the target was also recorded.
A velocity thresholding approach is often employed as a means of defining saccade onset, e.g. the first point at which velocity exceeds 30˚per second. In order to compare our approach to a more traditional velocity threshold approach, EOG data and velocity profiles for horizontal EOG (superimposed with the above automatically detected saccade onsets) were viewed manually from several hundred individual trials. Velocity thresholds at ¡30˚per second were delineated in the velocity plots. Comparisons were made when the EOG data to be processed by the velocity-thresholding approach were bandpass filtered at 0.2-6 Hz, 0.2-25 Hz, and 0.2-50 Hz. Stringent filtering characteristics provide smooth, clean signals (enabling reliable detection of events) but with associated loss of timing information (reduced precision in SRT estimates). A more generous passband gives higher definition (more precise SRT, when the correct point on the velocity profile is identified); however, the wider passband leads to significantly more noise in the data; greatly increasing susceptibility to false positives (wrongly identified saccade onsets) in the velocity threshold approach. Saccade onset by our approach performed reliably, even in the presence of noise, and was found to closely align with threshold crossings (corresponding to correct EOG saccade onset) in higher resolution velocity signals (0.2-50 Hz).
The gap effect and anti-effect were calculated for each subject and defined as: gap effect 5 median(SRT PRO ) -median(SRT GAP ) antieffect 5 median(SRT ANTI ) -median(SRT PRO ).
In line with the approach taken by others, 39, 48 results from leftward and rightward movements were analyzed separately. Saccades were accepted if the SRT was greater than 50 ms and less than 600 ms. SRTs from pro-saccade and gap tasks of all subjects were analyzed (n 5 4,739). Although the percentage of SRTs from correct movements outnumbered SRTs from erroneous movements throughout, 50 ms was chosen as the lower cutoff for acceptable saccades as above this point there was a distinct reduction in SRTs from erroneous movements. Only 1.4% of SRTs (n 5 67) were below this cutoff. This cutoff aligned with the upper limit of a distinct sub-population of SRTs from ''early saccades'' in the anti-saccade task. The upper cutoff of 600 ms was selected as SRTs above this point (0.74%; n 5 35) had a nearequal chance of being correct or erroneous. Unless otherwise stated, all SRT values reported below are for saccades made in the correct direction. The median SRT for leftward and rightward movements was calculated for each subject. The 10th percentile of the pro-saccade distribution was chosen as a threshold for the classification of express saccades, as it was both subject specific and would distinguish between ''express'' and ''regular'' SRT populations, where distinction exists.
Mixed one-way analysis of variance (ANOVA), with the factors of side (left, right) and group (cervical dystonia cohort [CD] and healthy controls [HC]) were performed to compare the reaction times of the side between CD and controls. The Kruskal-Wallis test was performed on the percentile data to test for between group differences. Details are outlined in the results section.
Sample size calculation
Owing to the paucity of similar studies, the expected variance of the data was unknown. However, the sample size for this pilot study was deemed appropriate with reference to existing saccade studies in healthy controls, 39, 47, 48, 56 and those in which eye movements are compared between controls and individuals with movement disorders.
60-63
Results
SRT values: task, side, and group
Group means and standard deviations for the CD and HC cohorts under each condition are presented in Table 2 There was no effect of side for the anti-saccade task (F(1, 35) 5 0.3, p 5 0.589). As anticipated from the above reported changes in group mean SRT, a multiway ANOVA of left and right median SRT values, with group and task as factors, revealed a highly significant effect of task (F(2, 110) 5 129, p , 10 -28 ). The gap effect and anti-effect were calculated for each individual (as defined above). Group means and standard deviations for the gap effect were CD 56 ms (SD 5 45 ms); HC 51 ms (SD 5 37 ms). The anti-effect was larger; mean SRT difference was CD 97 ms (SD 5 30 ms) and 84 ms (SD 5 38 ms) for HC. Figure 2 illustrates the distributions for leftward and rightward saccades under pro-saccade and gap conditions. The effect of task is clearly apparent (SRTs becoming faster with the gap paradigm).
The use of the chin rest appeared to assist CD participants to stabilize their head position. Only one participant reported that she felt her head turn during the experiment (CD5, Table 1 ). Inspection of her results reveals SRTs are slower for leftward than for rightward saccades. It is tempting to interpret this as being related to the side of torticollis (right). However, further inspection of both CD and HC data (Table 1 and Figure 2 ) reveals variation in SRTs of leftward and rightward saccades, but no consistent relationship to side of dystonic head rotation. In addition the statistical analysis reported above demonstrates that side does not have a statistical impact on SRT.
Express saccades
For comparative purposes, we applied both a standard predefined hard threshold of 140 ms, 39 and a subject-specific threshold when classifying saccades as express or otherwise. The subject-specific threshold is defined as the 10th percentile of the pro-saccade SRT distribution (for the corresponding direction) for each subject; see demarcation on each subjects' pro-saccade data ( Figure 2 ). The mean and standard deviation of the subject-specific thresholds for left and right saccades were 174 ms (SD 5 35 ms) and 167 ms (SD 5 34 ms) for CD and 152 ms (SD 5 16 ms) and 156 ms (SD 5 14 ms) respectively for HC (Table 2) . Occasionally the 140 ms demarcation for express saccade aligns with the 10th percentile (see Figure 2 ; HC8 and HC11) and marks a clear distinction between express and regular saccades. However, the subject-specific demarcation often better represents this distinction, e.g. CD1, CD3, CD7, CD8, HC1, HC4, HC9 in Figure 2 . The percentage of express saccades under both thresholding approaches is plotted for individuals with cervical dystonia and controls for the gap and anti-saccade tasks in Figure 3 . The subject-specific threshold results in higher percentages of express saccades being detected in both conditions; however, these percentages were not statistically different between CD and HC (results from Kruskal-Wallis one-way ANOVA for the gap task, chi-square 5 1.13, p 5 0.287; and chi-square 5 0.37, p 5 0.54, for the anti-saccade task).
Asymmetrically reduced express saccades and direction of head turn in cervical dystonia
The side of visual stimulation that produced the lower percentage of express saccades in the gap task (as defined by the subject-specific threshold) corresponded to the direction of torticollis in each of the Express Saccades in Cervical Dystonia Beck RB, Kneafsey SL, Narasimham S, et al.
Tremor and Other Hyperkinetic Movements http://www.tremorjournal.org Columbia University Libraries eight cervical dystonia patients (see Table 1 and Figure 2 ). The mean frequency of express saccades ipsilateral to the direction of torticollis was 45% (SD 5 11%) compared to the frequency of express saccades in the opposite direction (60%, SD 5 17%), producing a borderline statistically significant difference according to a Kruskal-Wallis oneway ANOVA, chi-square 5 3.57, p 5 0.059.
Directional errors
The percentage of directional errors was examined in all tasks, with the highest levels occurring in the anti-saccade paradigm, as expected. However, contrary to expectation, the cervical dystonia group displayed a lower level of directional errors in all tasks: pro-saccade (mean 51%, SD 5 1.6%), gap task (mean 1%, SD 5 0.8%), and antisaccade task (mean514%, SD 5 10%). The corresponding values for controls were pro-saccade (mean 5 2%, SD 5 2%), gap task (mean 5 2%, SD 5 1.5%), and anti-saccade (mean 5 22%, SD 5 18.4%). Three control subjects displayed particularly high levels of directional error, between 47% and 51%, whereas the highest level of directional error in the cervical dystonia cohort was 28%. Kruskal-Wallis oneway ANOVA were carried out to determine the effect of group on the percentage of directional errors for each task (movements to left and right sides were combined in each task for this analysis). The percentage of directional errors were not significantly different between the CD and HC groups in any of the tasks: pro-saccade task, chi-square 5 0.72, p 5 0.397; gap task, chi-square 5 2.82, p 5 0.093; and antisaccade task, chi-square 5 0.44, p 5 0.509.
Discussion
In this study we sought to assess saccadic behavior, particularly express saccades, in individuals with cervical dystonia and healthy controls, as a means of potentially gaining insight into the GABAergic behavior of the nigro-tectal pathway. Contrary to expectations, mean SRT values tended to be slower in the CD group across all tasks (only reaching statistical significance in the anti-saccade task, (F(1, 35) 5 4.76, p 5 0.036)); individuals with cervical dystonia produced fewer errors (mean 14% vs. 22%) in the anti-saccade task and had similar frequencies of express saccades in the gap task relative to our control population (chi-square 5 1.13, p 5 0.287).
The analysis of saccadic behavior in this study strongly relies on SRT. It is acknowledged that SRT may vary significantly in an individual on a trial-by-trial basis, even in circumstances where both stimuli and task remain constant, 59 hence the distributions obtained for each individual for the same task ( Figure 2 ). It is worth noting not only the spread of the distributions for an individual, but also the variability in ranges of SRTs in the pro-saccade task across subjects. Note also the SRT distributions for the gap paradigm present with a bimodal form for some, though not all, subjects. The bimodality of the gap distribution is often relied upon as a means of defining the SRT cutoff for express saccades. 45 This may be valid in studies on non-human primates who have undergone months of training on the task. However, in this study on human subjects, bimodality is not always present; a finding which concurs with others, 47,48,53 particularly in older cohorts, 39 similar to our own. These observations, in addition to the variation in saccade onset detection, highlight a weakness in relying on a predefined cutoff value for SRTs. Marino et al. 53 recorded both slow and fast express saccades, where the resultant SRT (t S + t D ) is influenced by the qualities (timing, magnitude) of the visual response in the superficial layer of the SC (t S ), which in turn is affected by the luminance of the stimulus. Such a finding points to a degree of subjectivity in SRTs of express saccades. The combination of the above considerations supports our approach of using a subject-specific threshold for the identification of express saccades. This approach enabled an individualized assessment of performance for each participant. The side that produced the lower percentage of express saccades (as defined by the subject-specific threshold), corresponded to the side affected by dystonia for each patient. The sample size in this study (n 5 8) is too small to determine the significance of this result. However, this trait warrants further research.
Saccadic behavior in cervical dystonia vs. controls
Many studies beautifully examine saccade-related behavior of single neurons in the SC 33,46,53,64-67 and SNpr. 32, 53, [68] [69] [70] [71] [72] [73] In this human behavioral study, we cannot know such minutia of detail, and to some extent a simplified view needs to be adopted. Our protocol was designed to minimize variation of input signals to the SC and by consequence, stabilize the underlying physiological behavior. Reduced GABAergic activity in the nigro-tectal pathway (likely affecting the ''pauser'' rather than the ''burster'' neurons, see Handel and Glimcher 73 ) has been shown to induce symptoms of cervical dystonia [34] [35] [36] and stimulate saccades 32,72 in animal models. We postulated that a dystonia-related reduction in GABAergic activity would manifest as altered saccadic behavior (reduced SRT generally, more express saccades in the gap task and more directional errors in the anti-saccade task). That this was not the case raises many questions. Could there be compensatory activity, higher than normal ''burster'' activity perhaps? Is the nigrotectal projection not affected by altered GABAergic activity associated with cervical dystonia? Could reduced GABAergic activity occur upstream of the SNpr-SC connection, 14 such that the SNpr receives less striatal inhibition? That being the case, the SNpr would exert stronger inhibitory control over the deep layers of the SC, slowing all saccadic activity and minimizing directional errors. Or, might reduced pre-saccadic activity in the visuomotor neurons in our CD group, relate to defective initial processing in the visual sensory neurons in the superficial layers of the SC? 30, 74 It may be that a targeted reduction in GABAergic activity at the striato-nigral or nigro-tectal interconnections would not occur in isolation, 15 and that this expectation is too simplistic a view for what is a more complex disorder. Liu and Basso 68 suggest that rather than acting simply as a gate for saccade initiation, the influence of SNpr inhibition on visually guided saccades is more subtle, shaping the balance of excitation and inhibition across the SC. This is supported by research indicating a more complex role in saccade regulation arising from interactions among SNpr axons and inhibitory and excitatory neurons in the intermediate layer of the SC. 75 In their study of GABA levels in the brains of individuals with focal hand dystonia, Levy and Hallett 14 report that GABAergic neurons are non-uniformly affected in patients. Other studies highlight the impact of GABAergic activity in the cerebellum and cortex in cervical dystonia. 15 The implications of involvement of additional brain areas on the behavior of the striato-nigral or nigro-tectal interconnections and saccade generation, or indeed the manifestation of cervical dystonia symptoms, are not straightforward.
Conclusion
Our results do not support our hypothesized increase in express saccades and directional errors arising from reduced SNpr-SC inhibition in cervical dystonia. The finding that the side affected by cervical dystonia corresponded to the direction of eye movements that produced fewer express saccades warrants further investigation. stimuli relevant to primates. Front Neurosci 2017;11:67. doi: 10.3389/fnins.2017.
